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1. Introduction
$V DPHWKRG RI ODUJHO\ UHGXFLQJ WKH WUDQVPLVVLRQ ORVV LQ WKH HOHFWULF SRZHU JULG VXSHUFRQGXFWLQJ'& SRZHU
WUDQVPLVVLRQFDEOHKDVEHHQDWWUDFWLQJDJUHDWGHDORIDWWHQWLRQ >@7KH WUDQVPLVVLRQ ORVVRI VXSHUFRQGXFWLQJ'&
SRZHUWUDQVPLVVLRQFDEOHLVHVWLPDWHGWREHWHQWLPHVOHVVWKDQWKDWRIVXSHUFRQGXFWLQJ$&SRZHUWUDQVPLVVLRQDQG
WKLUW\ WLPHV OHVV WKDQ WKH WUDQVPLVVLRQ ORVV RI RUGLQDU\ $& SRZHU WUDQVPLVVLRQ E\ FRSSHU FDEOH >@ 8VLQJ
VXSHUFRQGXFWLQJ'&SRZHUWUDQVPLVVLRQFDEOHVODUJHDPRXQWVRIFXUUHQWDQGHQHUJ\FDQEHWUDQVIHUUHGHIILFLHQWO\


























)URP(TLWLVIRXQGWKDWWKHUHFWLILHGFXUUHQWFRQVLVWVRI'&FXUUHQWRIWKHPDJQLWXGHRI(݌ ߨΤ ) sin(ߨ ݌Τ )DQG
WKHULSSOHFXUUHQWRIWKHPDJQLWXGHRI[1 െ cos(ߨ ݌Τ )] 2Τ = sinଶ(ߨ 2݌Τ )7KHUDWLR݇௣RIWKHULSSOHFXUUHQWWRWKH'&





ܳK = ܳ଴ ቈ(1 െ ݅୫) ln(1 െ ݅୫) +
(2 െ ݅୫)݅୫
2 ቉, 
ZKHUHܳ଴ = ߤ଴ܫFଶ ߨΤ ݅P = ܫP ܫFΤ ܫPLV WKH DPSOLWXGH RI $& LQ WKH F\OLQGULFDO VXSHUFRQGXFWLQJ ZLUH DQGܫFLV WKH
FULWLFDO FXUUHQW(T  FDQEHDSSOLHG WR VXSHUFRQGXFWLQJZLUHZLWKDFL UFXODURUDQHOOLSWLFDOFURVV VHFWLRQ7KLV
HTXDWLRQZDVGHULYHGE\+DQFR[IRUF\OLQGULFDOFDVHDQG1RUULVIRUHOOLSWLFDOFDVHDQGLVDOVRNQRZQWRDJUHHZHOO
ZLWKH[SHULPHQWDOUHVXOWVRIVXSHUFRQGXFWLQJWDSH
)LJ VKRZVDKLJK WHPSHUDWXUH VXSHUFRQGXFWLQJ +76'&FDEOHFRQVLVWLQJRIܰVXSHUFRQGXFWLQJ WDSHV7KH
K\VWHUHVLVORVV KܲRIWKH'&FDEOHSHUXQLWOHQJWKFDQEHREWDLQHGE\
Kܲ = ܳK݂݌ܰ 
ZKHUH݂ = ߱ (2ߨ)Τ DQGܳKLVFDOFXODWHGDVVXPLQJܫP = ݇௣ܫGFܫGF = ܫ'& ܰΤ ܫ'&LVWKHWRWDO'&FXUUHQW








ZKHUH ߁F LV D FRQVWDQWܤP = ߤ଴ܫP (2ߨܴ)Τ LV WKH H[WHUQDO PDJQHWLF ILHOGܴ LV WKH UDGLXV RI WKH FDEOH ߬V =
ߤ଴(݈ 2Τ )ଶ (2ߩ௡)Τ LV WKH FRXSOLQJ WLPH FRQVWDQW݈LV D WZLVW SLWFK OHQJWK DQGߩ௡ LV UHVLVWLYLW\ RI WKH EORFN RI WKH
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QRUPDO PHWDO 7KH FRQVWDQW ߁F LV JLYHQ E\ ߁F = 4ߨ[2ݏ (ݏ + 2݊)Τ ] 3Τ  ZKHUH ݏ DQG ݊ DUH WKH WKLFNQHVV RI
VXSHUFRQGXFWRU DQG WKH QRUPDO PHWDO UHVSHFWLYHO\ $VVXPLQJ WKDWݏ ؆ ݊ DQG WKDW WKH FRXSOLQJ IUHTXHQF\ F݂ =
1 2ߨ߬VΤ LVYHU\VPDOOHU WKDQ+]( F݂ ا 1)IRU ORQJHU WZLVWSLWFKRUQRQWZLVWHG'&VXSHUFRQGXFWRU WDSHVVXFKDV
%L3EWDSHVWKHFRXSOLQJORVVSHUXQLWOHQJWKSHUXQLWWLPHFDQEHREWDLQHGDVIROORZV>@












3. Results and discussion
$&ORVVHVIRUYDULRXVSXOVHUHFWLILHGFXUUHQWVRIWKHFDEOHSHUXQLWOHQJWKRI%L3EVXSHUFRQGXFWLQJ'&
FDEOHDUHFDOFXODWHGIURP(TDQGVKRZQLQ7DEOH7KHFDEOHKDVDF\OLQGULFDOVXSHUFRQGXFWRUZKLFKFRQVLVWV
RIWDSHZLUHVWKHGLDPHWHURIWKHFDEOHLVPPDQGWKHFULWLFDOFXUUHQWLVܫF = 100 $7KHZLGWKDQGWKLFNQHVV
RI WKH WDSHDUHݓ = 4 mmDQGݐ = 0.2 mm UHVSHFWLYHO\:KHQ WKHFDEOHFDUULHV WKH'&FXUUHQWRIN$UHFWLILHG
IURP+]SKDVHFXUUHQWWKHDPRXQWRIWKH'&FXUUHQWRIHDFKWDSHLVJLYHQDVܫGF = 2000 39Τ = 51.3 $7KH
REWDLQHG$& ORVVHV DUH IRXQG WREHPXFK VPDOOHU WKDQ WKHKHDW ORVVRI :PZKLFK LV REWDLQHGZLWK D QHZO\
GHYHORSHGFDEOH>@
)LJVKRZVWKHK\VWHUHVLVORVVHVRIWKH'&FDEOHDVDIXQFWLRQRIUHFWLILHG'&FXUUHQWܫGFIRUGLIIHUHQWFULWLFDO



























7KHFRXSOLQJORVVHVIRU݌ = 6, 12, 24JLYHQE\(TDUHDOVRVKRZQLQ7DEOH6LQFHWKHFRXSOLQJIUHTXHQF\ F݂
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EHFRPHV YHU\ ORZ IRU '& FDEOHV WKH FRXSOLQJ ORVVHV DUH FDOFXODWHG DVVXPLQJ F݂ = 1 +] DQG DFWXDOO\ FRXOG EH
LJQRUHGFRPSDUHGWRWKHK\VWHUHVLVORVVHVIRUWKHFDVHVRI F݂ ا 1>@

7DEOH$&ORVVHVIRUYDULRXVSXOVHUHFWLILHGFXUUHQWVRIN$'&SRZHUWUDQVPLVVLRQFDEOH
3XOVHV +\VWHUHVLVORVV ୦ܲ:P &RXSOLQJORVV ୡܲ:P
  ୡܲ ا 68.2
  ୡܲ ا 4.12





7KH $& ORVV GXH WR WKH K\VWHUHVLV ORVV DQG WKH FRXSOLQJ ORVV RI WKH ULSSOH FXUUHQW JHQHUDWHG E\ PXOWLSXOVH




SXOVH DQG SXOVH UHFWLILHUV UHVSHFWLYHO\ 7KHVH$& ORVVHV DUH ZHOO EHORZ WKH KHDW ORVV RI :P7KHVH
UHVXOWVZRXOGEHXVHIXOWRFRQVLGHUWKHPXOWLSXOVHUHFWLILHUVIRUVXSHUFRQGXFWLQJ'&SRZHUWUDQVPLVVLRQFDEOHV
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